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Ultrasmall silicon nanoparticles as a promising platform for 
multimodal imaging 

Garima Singha, John L. Z. Ddungub,c, Nadia Licciardelloa#, Ralf Bergmanna, Luisa De Colab,c*, 

Holger Stephana* 

 

Bimodal systems for nuclear and optical imaging are currently being intensively investigated due to their comparable 

detection sensitivity and complementary information they provide. In this perspective, we have implemented both 

modalities on biocompatible ultrasmall silicon nanoparticles (Si NPs). Such nanoparticles are particularly interesting since 

highly biocompatible, covalent surface functionalization and demonstrated a very fast body clearance. We prepared 

monodisperse citrate-stabilized Si NPs (2.4 ± 0.5 nm) with more than 40 accessible terminal amino groups per particle and, 

for the first time, simultaneously a near-infrared dye (IR800-CW) and a radiolabel (64Cu-NOTA = 1,4,7-triazacyclononane-

1,4,7-triacetic acid) have been covalently linked to the surface of such Si NPs. The obtained nanomaterials have been fully 

characterized them by HR-TEM, XPS, UV-Vis and FT-IR spectroscopy. These dual-labelled particles do not exhibit any 

cytotoxicity in vitro. In vivo studies employing both positron emission tomography (PET) and optical imaging (OI) 

techniques revealed a rapid renal clearance of dual-labelled Si NPs from mice.

Introduction 

Molecular imaging is a non-invasive method that provides 

reliable information on anatomy, as well as physiological and 

pathophysiological processes in living systems. Various imaging 

modalities such as computed tomography (CT), magnetic 

resonance imaging (MRI), optical imaging (OI), single-photon 

emission computed tomography (SPECT) and positron 

emission tomography (PET) are available for this purpose.
1-7

 

Each imaging modality has its own unique strength and 

intrinsic limitations, mainly regarding spatial/depth resolution 

and sensitivity, making the achievement of precise and reliable 

information at the disease site difficult. In order to circumvent 

the limitations of a single imaging technique and exploit their 

advantages synergistically, multimodal molecular imaging has 

recently gained importance. Of particular interest is the 

combination of nuclear and optical methods. In this respect, 

the use of PET due to its high specificity/sensitivity (fM to pM 

range) and the possibility of quantifying the data, and near 

infrared fluorescence imaging, which enables high resolution, 

relatively deep penetration (cm range) and the use of 

fluorescence-guided surgery is a winning combination.  

mailto:h.stephan@hzdr.de
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Implementation of both modalities on the same system 

requires multifunctional molecules or nanomaterials. Due to 

their diverse modification possibilities, nanoscale materials 

have become significantly more important in recent years for 

imaging applications.
8-16

 This is due to the fact that it is 

possible to anchor a large number of similar or different 

modalities to a probe and thus increase the sensitivity on one 

hand and to follow in vitro and in vivo processes in more detail 

on the other. In addition, biological vector molecules can be 

introduced simultaneously for pharmaceutical targeting. For 

medical imaging however, very small materials that reach their 

target quickly and are renal excreted are desirable. The size 

considered optimal for such application is less than 6 nm, and 

particles with such small dimension are referred to as 

ultrasmall nanoparticles. Ultrasmall renal clearable 

nanoparticles possess enormous potential as cancer imaging 

agents
17-20

, and in this respect biocompatible silicon 

nanoparticles (Si NPs) are highly attractive. Their covalent 

surface functionalization allows the introduction of different 

labels for in vivo imaging.
21, 22

 As far as biomedical applications 

are concerned, to date, Si NPs have been applied in 

bioimaging
23-27

 and in real-time immunofluorescence 

imaging.
28-33

 For instance, to target cells in a specific way, Si 

NPs have been successfully coupled with single-stranded 

DNA
34-36

, folic acid
37

, sugars
38, 39

, peptides
29

 and antibodies
31, 

33
, and several in vitro studies have been performed on their 

cellular uptake 
40-42

 and cytotoxicity.
43-45

 In vitro investigations 

are mostly based on the intrinsic photoluminescence of the Si 

NPs. Through targeted surface modification, the luminescence 

properties can be tailored and, in particular, the quantum yield 

significantly increased.
46-50

 

In contrast to in vitro studies, there are only a few in vivo 

studies with Si NPs so far using magnetic resonance and 

fluorescence imaging.
37, 51-55

 For the first time, biodistribution 

and pharmacokinetic properties of radiolabelled Si NPs were 

reported by Kauzlarich et al.
56

 Here, dextran-coated, 

manganese-doped, Si NPs were functionalized with a 1,4,7,10-

tetraazacyclododecane-1,4,7-triacetic acid (DO3A) derivative 

Scheme 1 Reaction scheme for the synthesis of amine-terminated Si NPs through the hydrothermal method [APTMS = (3-aminopropyl) trimethoxysilane].
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for labelling with 
64

Cu, enabling PET studies. Owing to their 

relatively large hydrodynamic diameter (HD) (15.1 ± 7.6 nm), 

the particles have considerable liver uptake. Recently, we were 

able to show that ultrasmall 
64

Cu-labelled Si NPs (size below 5 

nm) are rapidly cleared from the body.
57

 Despite the very small 

size, multiple and different functionalities can be grafted on 

the nanoparticle surface. 

Based on our previous studies, we have selected citrate-

stabilized Si NPs for further functionalization. The concurrent 

use of the bifunctional chelating agent NOTA (1,4,7-

triazacyclononane-triacetic acid) and a near-infrared dye 

(IR800-CW) allows detailed in vivo studies using PET and 

optical imaging in small animals. Herein, we describe the 

synthesis of these dual-labelled particles, together with 

absorption, emission and structural properties. Subsequent 

assessment of nanotoxicity, as well as radiolabelling of Si NPs 

using the PET radionuclide 
64

Cu is also reported in detail. 

Results and Discussion 

 

Synthesis and characterisation of silicon-based nanoparticles 

Water-dispersible amine-terminated silicon-based 

nanoparticles (Si NPs) were synthesised in hydrothermal 

conditions following our previously reported method.
57

 A 

general synthetic route is depicted in Scheme 1. A broad 

characterisation of the Si NPs covering size, chemical 

composition and photoluminescence was carried out using a 

number of analytical techniques to show that the particles are 

completely comparable with our previous published work.
57

 

Observing the Si NPs through Transmission Electron 

Microscopy (TEM) (Fig. 1A) revealed a system of low 

polydispersity with an average size of 2.4 ± 0.5 nm. This 

smaller size of Si NPs compared to those achieved in our 

previous study
57 

was achieved through optimisation of the 

synthetic procedure. Increasing the mixing time of the 

reagents from a total of 30 min to 60 min before heating in the 

oven affords a much more effective dispersion of the reagents 

during the hydrothermal process, creating more nuclei from 

which Si NPs can grow. A similar hypothesis has been reported 

for other species of silicon-based nanoparticles.
58

 

The pristine amine-terminated Si NPs exhibit a near neutral 

surface charge due to the formation of a stable citrate shell 

confirmed by DLS measurements (zeta potential ζ -5.3 ± 2.8 

mV). More information on the surface structure of Si NPs was 

elucidated through FT-IR spectroscopy (Fig. 1B). Notable are 

bands occurring at 1557 cm
-1

 and 1385 cm
-1

 for symmetric and 

asymmetric vibrational modes of C=O bonds respectively, as 

well as a band at 1224 cm
-1

 originating from stretching of C—O 

bonds. These are assumed to be due to the presence of 

residual citric acid in the system as result of an interaction with 

the protonated amines on the Si NPs, confirming the expected 

structure, as reported in our previous work.
57

 

This presence of citric acid can be further identified by X-ray 

Photoelectron spectroscopy (XPS). Deconvolution of the high 

Fig. 2 Schematic representation of a Si-based nanoparticle surrounded by a “shell” of 

citric acid. 

Scheme 2 Synthesis of NOTA-Si NPs (A), IR800-Si NPs (B) and NOTA-IR800-Si NPs (C). 
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resolution carbon scan (ESI Fig. S1/Table S1) shows a 

component with a binding energy of 287.6 eV, indicating the 

presence of oxygen bound carbon with sp
2
 hybridisation. This 

is in addition to a major component with a binding energy of 

285.8 eV, corresponding to oxygen bound carbon with sp
3
 

hybridisation. Taking the presence of both binding 

environments into account, it can be assumed that citric acid 

forms a “shell” of sorts around the Si NP through interactions 

with the surface amine groups as illustrated in Fig. 2. This was 

indeed already suggested in our previous work through NMR 

studies.
57

 The UV-Vis absorption spectrum of the Si NPs was 

acquired in order to verify the similarity of the new batch to 

our previous work
57

 and to compare to the literature.
33 

As 

shown in Fig. 1C, the spectrum appears almost identical to 

those reported previously, with an absorption band observed 

at 340 nm. The emission spectra of the Si NPs are shown in Fig. 

1D. An emission maximum is centred at about 450 nm for each 

excitation wavelength from 350 to 400 nm, matching the 

stable photoluminesence characteristics in the blue region as 

reported in the literature.
33, 57

 The emission quantum yield for 

these NPs is 15% in water. The surface amine groups were 

quantified and the average concentration was estimated to be 

4.16 μmol NH2 per mg Si NPs which was used to calculate a 

value of approximately 43 amine groups per particle (ESI 

Scheme S1/Fig. S2/Table S2/Equations S1, S2). 

 
Table 1 Summary of characteristic features of NOTA-Si NPs, IR800-Si NPs and NOTA-

IR800-Si NPs. 

 NOTA-Si 

NPs 

IR800-Si 

NPs 

NOTA-IR800-

Si NPs 

IR800 conjugation 

(per mg Si NP conjugate) 

- 0.013 µmol 0.010 µmol 

NOTA conjugation 

(per mg Si NP conjugate) 

0.090 µmol - 0.091 µmol 

Distribution coefficient 

(Log D7.4) 

-4.12 ± 0.04 - -3.84 ± 0.10 

 

 

Synthesis and characterisation of Si NPs conjugates NOTA-Si NPs, 

IR800-Si NPs and NOTA-IR800-Si NPs 

The NOTA-Si NPs, as reported
57

, were prepared by reacting 

amine-terminated Si NPs to NOTA-Bn-SCN (0.1 µmol per mg Si 

NP) and were purified by dialysis (MWCO: 1 kDa) against water 

(Scheme 2A). The reaction of the Si NPs with NHS-activated 

IR800 dye (0.5 µmol per mg Si NP), on the other hand, 

produced IR800-Si NPs (Scheme 2B). The near-infrared dye 

CW800 was employed for this modification because its 

emission wavelength (λem 789 nm) does not overlap with the 

auto-fluorescence of the biological tissues and thus, provides 

the necessary penetration depth for in vivo studies.
59, 60

 The 

IR800-Si NPs were purified by dialysis (MWCO: 3.5−5 kDa), 

followed by size exclusion chromatography (SEC) using 

Sephadex G-25. Dual-labelled NOTA-IR800-Si NPs were 

synthesized by sequential addition method where activated 

IR800 dye (0.5 µmol per mg Si NP) and NOTA-Bn-SCN (0.1 µmol 

per mg Si NP) were added sequentially in small amounts to the 

aqueous Si NP solution over a period of 1 h (Scheme 2C). It is 

worth mentioning that simultaneous addition of NOTA and 

IR800 led to non-uniform surface modifications of Si NPs, 

which could not be applied for dual imaging. The crude 

reaction mixture was also purified by dialysis (MWCO: 3.5−5 

kDa) and SEC. The purity of the IR800-Si NPs and NOTA-IR800-

Si NPs was verified by fluorescence (reverse phase thin layer 

chromatography RP-TLC) and radiolabelling (Radio-instant thin 

layer chromatography Radio-iTLC) studies (ESI Fig. S3). 
 

Table 2 Comparative analysis of photophysical properties of mono-labelled vs dual-

labelled Si NPs. 

 IR800 

dye 

Si NPs IR800- 

Si NPs 

NOTA-IR800-

Si NPs 

Max. absorbance 

λabs 

775 nm 355 nm 612 nm 611 nm 

Max.fluorescence 

λem 

792 nm 456 nm 754 nm 748 nm 

λexc 775 nm 360 nm 611 nm 611 nm 

PLQY 14.2% 15% 22.5% 15.7% 

 

The zeta potential of both the unimodal (NOTA-Si NPs and 

IR800-Si NPs: -5.4 ± 4.1 mV) and the bimodal particles (NOTA-

IR800-Si NPs: -5.1 mV ± 3.5 mV) is in the same range as that of 

the pristine particles. 

The hydrophilicities of [
64

Cu]Cu-NOTA-Si NPs and [
64

Cu]Cu-

NOTA-IR800-Si NPs were determined by 1-octanol/water 

distribution experiments to predict the behaviour of the 

conjugates under physiological conditions. A log D7.4 value of -

4.12 ± 0.04 was obtained for [
64

Cu]Cu-NOTA-Si NPs and -3.84 ± 

0.10 for [
64

Cu]Cu-NOTA-IR800-Si NPs. The slight increase in the 

distribution ratio of bimodal Si NPs is attributed to the 

presence additional IR800 dye. The negative distribution 

coefficients indicate the hydrophilic character of the Si NPs, 

which is a prerequisite for the rapid clearance of the particles 

via the renal pathway. 

Radiometric and UV-Vis titrations were performed to quantify 

the amounts of NOTA and IR800 dye molecules present on the 

surface of modified Si NPs. Demanding only nanograms of the 

sample, the assays effectively derive the quantified value along 

with the purity of the conjugates. 

Radiometric assay employed a mixture of radioactive 

([
64

Cu]CuCl2) and non-radioactive copper (CuSO4)
61

 at different 

concentrations to determine the amount of NOTA on the 

surface of Si NPs. The values were calculated to be ~0.090 

µmol NOTA per mg NOTA-Si NP and ~0.091 µmol NOTA per mg 

NOTA-IR800-Si NP (ESI Fig. S4). 

The amount of conjugated IR800 dye was determined by UV-

Vis analysis based on Beer-Lambert’s Law. The results reveal 

values of ~0.013 µmol IR800 per mg IR800-Si NP and ~0.010 

µmol IR800 per mg NOTA-IR800-Si NP. The slight deviation in 

the quantities for unimodal and bimodal Si NPs features the 

additional NOTA present on the surface of NOTA-IR800-Si NPs 

(ESI Fig. S5). 

The synthetic routes applied lead to Si NPs with defined 

amounts of NOTA and IR800 molecules, allowing the 
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simultaneous application of PET and OI after an appropriate 

radiolabelling of the particles. A summary of physicochemical 

properties of the mono and dual-labelled Si NPs is presented in 

Table 1. 
 

Absorption and emission properties of IR800-Si NPs and NOTA-

IR800-Si NPs 

The maximum absorbance for IR800-Si NPs is observed at λabs 

611 nm, which portrays a huge hypsochromic shift, compared 

to absorbance of the IR800 dye (λabs 775 nm) (Fig. 3A). The 

probable reason for this massive shift and the profile 

broadening of the absorbance peak could be due to the 

formation of H-aggregates, as observed for other cyanine dyes 

in the presence of protonated amines, or their interaction with 

the surface.
62, 63

 Nonetheless, the IR800-Si NPs remain in the 

NIR region (600−900 nm) and thus, are applicable for in vivo 

trials as potential imaging agents. The emission band of the 

IR800-Si NPs is observed at λem 753 nm (λexc 611 nm) which 

also depicts a small blue shift compared to the free dye (IR800 

dye λem 792 nm, λexc 775nm). 

The absorbance maxima for dual-labelled NOTA-IR800-Si NPs is 

also depicted at λabs 611 nm with a typical cyanine shoulder at 

470 nm, which confirms the conjugation of the IR800 dye to 

the Si NPs. The maximum emission on the other hand, for 

NOTA-IR800-Si NPs is observed at λem 748 nm (λexc 611 nm). A 

comparative UV-Vis and fluorescence spectra of IR800-Si NPs 

and NOTA-IR800-Si NPs is shown in Fig. 3B. The 

photoluminescent quantum yield (PLQY) for IR800-Si NPs 

(22.5%) is reported to be higher compared to that of dual-

labelled NOTA-IR800-NOTA (15.7%) and the IR800 dye 

(14.2%).
64

 Table 2 summarizes the photophysical properties of 

the Si NPs and its derivatives. 

 
Radiolabelling studies of NOTA-Si NPs and NOTA-IR800-Si NPs 

The radiolabelling experiments were carried out according to 

our reported protocol for 
64

Cu-labelling.
57

 In brief, NOTA-Si 

NPs and NOTA-IR800-Si NPs were labelled with [
64

Cu]CuCl2 

radionuclide at pH 6 (MES/NaOH buffer) at room temperature 

for 30 min. [
64

Cu]Cu-NOTA-Si NPs and [
64

Cu]Cu-NOTA-IR800-Si 

NPs were obtained in > 90% radiochemical yields (RCY) with a 

specific activity of ~3 MBq and ~2 MBq per 100 µg Si NP 

conjugates determined by Radio-iTLC. Variation in the 

parameters, such as increasing the reaction time and slight 

elevation of the temperature did not notably affect the 

radiolabelling of the Si NP conjugates. The radiolabelled Si NPs 

were purified by SEC to obtain ~98% radiochemical purity. 

Challenge experiments were performed using a 10,000 fold 

excess of EDTA for 24 h with no indication of transchelation. 

 

Nanotoxicity of NOTA-Si NPs, IR800-Si NPs and NOTA-IR800-Si NPs  

For nano-objects to be developed for pre-clinical and clinical 

imaging trials, it is of the utmost importance to evaluate their 

integrity and biocompatibility. Our previous studies with 

citrate-stabilized Si NPs equipped with NOTA revealed that 

these particles have a very low, if any, cytotoxicity in a human 

embryonic kidney (HEK 293) cell line.
57

 This is in accordance 

with results obtained with similar silicon particles in other cell 

lines, i.e., HeLa, HepG2, Caco-2 and CCD-841.
33, 65, 66

 

Fig. 3 Comparative absorption (A) and emission (B) spectra of IR800-Si NPs, NOTA-IR800-Si NPs and IR800 dye in water (IR800-Si NPs and NOTA-IR800-Si NPs λexc 611 nm; IR800 

dye λexc 775 nm).
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The current renal clearable particles NOTA-Si NPs, IR800-Si NPs 

and NOTA-IR800-Si NPs were tested in HEK293 kidney cells 

utilising MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]), 

LDH (lactate dehydrogenase) and CyQuant assays to assess 

their in vitro behaviour. For the cell viability and cytotoxicity 

measurements, the HEK293 cells were incubated with 1, 10, 50 

and 100 µg/mL Si NP conjugates and analyzed after 24, 48 and 

72 hours. The MTS assay determines the number of viable 

cells. The LDH cytotoxicity assay investigates the amount of 

released lactate dehydrogenase from damaged cells and thus 

provides information whether the cell membrane is intact. The 

results obtained using MTS and LDH assays are summarized in 

ESI (Figs. S6-S7). Negligible effects of NOTA-Si NPs, IR800-Si 

NPs and NOTA-IR800-Si NPs on cell metabolism, viability and 

integrity were observed for HEK293 cells. In addition, we 

performed the cell proliferation assay CyQuant. This 

fluorescence-based assay detects the viable cellular DNA. As 

shown in Fig. 4, cell viability was not affected for all the three 

kinds of Si NPs at all concentrations even after 72 h of 

incubation.  

The results clearly show that the investigated particles do not 

have any cytotoxic effects. This is an important prerequisite for 

further in vivo investigations with regard to the biodistribution 

and pharmacokinetic properties. 

 

Fluorescence imaging of IR800-Si NPs in healthy mice 

For the biodistribution studies, ~100 µg of the IR800-Si NPs 

were administered intravenously in healthy mice (n = 4) which 

were analyzed at different time points (1 min, 10 min and 2 h) 

by whole body fluorescence scanners to detect the 

fluorescence intensity in each organ. Exemplary images of the 

mice at different time points are displayed in Fig. 5A. The 

fluorescence image 1 min p.i. projects a uniform distribution of 

the IR800-Si NP all over the body via blood circulation. Within 

10 min the particles start to pass through the kidneys, towards 
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the bladder and are eventually eliminated via urine. The later 

time point (2 hours p.i.) depicts that the majority of IR800-Si 

NPs had already been excreted from the body with traces of 

fluorescence observed in the kidneys, visualized only with high 

intensity projections. In order to provide information on in vivo 

stability of IR800-Si NPs, urine from the mice was collected and 

analyzed (1 h p.i.). The RP-TLC displayed a single peak at the 

origin corresponding to the IR800-Si NPs (Rf = 0), and no 

free/detached fluorescence (IR800 dye, Rf = 1) was observed at 

the solvent front (Fig. 5B). This concludes that the nanoparticle 

conjugates were rapidly eliminated from the in vivo system via 

the renal pathway and confirms the integrity of the IR800-Si 

NPs in presence of complex biological milieu. 

 

Biodistribution of [
64

Cu]Cu-NOTA-IR800-Si NPs in healthy mice 

To study the biodistribution of dual labelled [
64

Cu]Cu-NOTA-

IR800-Si NPs, they were intravenously injected to non-

anesthetised healthy nu/nu mice (n = 5). Selected organs and 

tissues of mice were excised 5 min, 1 h and 24 h p.i. for activity 

measurements. The amount of activity in the complete organs 

were calculated as % injected dose (%ID) and the activity 

concentrations in the organs and tissues were normalized to 

the body weight (SUV = activity concentration in the 

tissue/injected activity × body weight). These values were 

evaluated to define the biodistribution and mode of 

elimination of the dual mode Si NPs. The biodistribution 

studies depicted the elimination of 30% [
64

Cu]Cu-NOTA-IR800-

Si NPs via urine from kidneys 5 min p.i., which spiked to 75% at 

1 h and 100% after 24 h (Figs. 6A,B). Minor amounts of activity 

(< 5% ID) were detected 1 hour p.i. in the liver, intestine and 

other organs/tissues. The normalized SUV values give a better 

overview about the biodistribution of the Si NPs with negligible 

activity in the whole body, particularly in kidneys and liver 

after 24 h (Fig. 6C). The results confirmed the extremely fast 

and complete renal clearance of these hydrophilic Si NPs from 

the in vivo system. 

The largest activity amount was found in the urine. Therefore, 

the urine from the experimental mice was collected 5 min and 

1 h p.i. and examined by Radio-iTLC (Fig. 7). The TLC 

chromatograms of injected Si NPs and the urine samples 

correspond to bimodal Si NPs (Rf = 0) and hence, confirms the 

in vivo integrity of the Si NPs. 

 

PET imaging of dual-labelled [
64

Cu]Cu-NOTA-IR800-Si NPs in NMRI 

nu/nu mice 

In addition to the biodistribution studies, dynamic PET was 

carried out. [
64

Cu]Cu-NOTA-IR800-Si NPs were injected 

intravenously (~10 MBq each) into mice (n = 4) and the whole 

body PET scans were recorded over 1 h. Exemplary figures of 

mid-frame time points at 5 min, 20 min, 30 min and 60 min are 

summarized in Fig. 8 to show fast clearance of the 

radiolabelled Si NPs from the kidneys into the urinary bladder. 

Within the first 5−10 minutes the bimodal Si NPs distribute 

Fig. 7 Biodistribution of [64Cu]Cu-NOTA-IR800-Si NPs in NMRI nu/nu mice at 5 min, 1 h and 24 h p.i. in extracted organs and tissues. A) %ID in selected organs, B) Eliminated 

activity in the intestine and urine (w.c.: with content), C) Activity concentrations (SUV) of selected organs and tissues. (BAT brown adipose tissue, WAT white adipose tissue). 
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uniformly in the whole body and then start eliminating via the 

kidneys. The particles show no signs of sticking in the renal 

medulla and easily pass through the glomerular pores within 1 

h. The activity was temporarily retained only in the kidney 

pelvis from where it was excreted into the bladder. 

 

Comparative nuclear and optical imaging of [
64

Cu]Cu-NOTA-IR800-

Si NPs in healthy mice 

The [
64

Cu]Cu-NOTA-IR800-Si NPs were not only examined by 

PET by also by fluorescence imaging (Fig. 9). For this purpose, 

one mouse was sacrificed 1 h after injection of the NPs. PET/CT 

and planar X-Ray 2D measurements of the mouse were 

recorded in prone and supine positions for detection of 
64

Cu-

activity and the fluorescence signal distribution in the body. All 

three imaging modalities revealed that within 1 h, the majority 

of the dual-labelled Si NPs remained in the kidneys and large 

amounts were excreted into the bladder. The higher kidney 

retention for this mouse in comparison to the previous PET 

study (see Fig. 8) can be attributed to a biological variation of 

this mouse, i.e., different reaction to anaesthesia and 

hydration of the animal. However, in accordance with the 

other experiments, the activity and fluorescence images detect 

only traces of activity and fluorescence in other organs. The 

PET shows small amounts in the gall bladder. This is another 

indication of the high metabolic stability of the dual-labelled 

NPs.  

The complementary biocompatibility and rapid renal clearance 

of the NOTA-IR800-Si NPs deciphered by biodistribution, PET 

and optical imaging, confirms the bimodality of the Si NP 

system. The results also displayed excellent pharmacokinetics 

and extraordinary biocompatibility of the system, which is 

prerequisite for any nanoparticle platform adapted for in vivo 

studies. The most acceptable reason for this behaviour is the 

minimum required surface modification performed on the Si 

NP surface to achieve the imaging goals without hampering 

the size and surface charge of the particles.  

Conclusions 

In summary, ultrasmall amine-terminated Si NPs, prepared by 

hydrothermal synthesis, were equipped with the near-infrared 

dye IR800 and the bifunctional chelating agent NOTA to obtain 

a dual imaging probe. The subsequent in vivo investigations 

based on PET and OI show that these multifunctional particles 

are cleared very quickly via the kidneys and that the particles 

remain intact after excretion. The minimal, if any, cytotoxicity 

and in vivo integrity, as well as the favourable pharmacokinetic 

properties, underline the suitability of the NOTA-IR800-Si NPs 

for in vivo applications. Overall, these particles thus represent 

a promising platform for targeted multimodal imaging. Despite 

the very small size, several small targeting vector molecules 

such as peptides can be grafted on the nanoparticle surface. 

However, it must be ensured that size and charge of the 

particles are changed only minimally in order to maintain rapid 

circulation in the bloodstream and full clearance. 
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Experimental Methods and Materials 

All chemicals were purchased from commercial suppliers and 

used as received without further purification. S-2-(4-

Isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic 

acid (SCN-Bn-NOTA; #B-605) was purchased from Macrocyclics 

and the infrared dye 800CW from Li-COR biosciences. A Direct-

Q 3 UV water purification system from Millipore (Merck KGaA) 

was applied for producing deionized water. The resistance of 

deionized water was 18.2 MΩ cm. Dialysis tubes were 

purchased from Serva (MWCO: 1 kDa and 3.5-5 kDa; 

Spectra/Por® 7 dialysis tubing); Sephadex G-25 desalting 

columns from GE healthcare. High pressure resistant home-

made Teflon vessels (similar to those reported by Calzaferri et 

al.
67

) were used for hydrothermal syntheses throughout this 

work. 

 

Analysis, characterisation and purification techniques 

TEM analysis was performed using a Jeol 2100F electron 

microscope operated at 200 kV. Samples were prepared by 

dispersing the aqueous suspensions of the Si NPs onto holey-

carbon-on-copper grids (Quantifoil, GmbH) with the excess 

solvent evaporated.Hydrodynamic size and zeta potential 

measurement were performed using the dynamic light 

scattering (DLS) using Zetasizer NanoZS (Malvern Instruments, 

UK) with an angle detection of 173° at 25° C with a beam 

wavelength of 632.8 nm. Particle size determination as well as 

zeta potential measurements were conducted at a 

concentration of 2 mg/mL in 10 mM phosphate buffer saline 

(pH 7.4) in disposable plastic cuvettes with a square aperture 

(Malvern Instruments Ltd.). Prior to each experiment, the 

solutions were filtered through 0.02 µm or 0.2 µm syringe 

filters (GE Healthcare, Germany) and equilibrated for 2 mins. 

The stated value is a mean of three independent 

measurements. Zeta potential measurements were performed 

in a universal dip cell (Malvern Instruments Ltd.). The stated 

values are a mean of three independent measurements using 

the Smoluchowski model. Data were evaluated with Malvern 

Zetasizer Software 7.11 version.Ultraviolet-Visible absorption 

spectra for Si NPs were recorded on a Shimadzu UV-3600 

double-beam UV-VIS-NIR spectrophotometer. Samples were 

measured using quartz cuvettes with a path length of 1 cm and 

volume of 3.5 mL. Absorption spectra for IR800-Si NPs and 

NOTA-IR800-Si NPs were conducted on Specord
®
 S50 from 

Analytik Jena (Germany). The samples were measured on 

quartz micro cuvettes (d=1cm) with 400-500 μL with a 

wavelength range from 190-1100 nm. The standard calibration 

curves and the molar extinction coefficient were calculated 

using the Beer-Lambert equation: A= ε x l x c where A is the 

absorbance at λmax, ε denotes the extinction coefficient, c 

denotes the concentration and l denotes the path length of 

the cuvette (1 cm). For quantum yield experiments, the 

absorbance was kept between 0.01-0.1. The measurements 

were set relative to the blank solution (reference). Data were 

processed using the WinASPECT
®
 software.For the Si NPs as 

synthesised and obtained after purification, steady-state 

emission spectra were recorded on a HORIBA Jobin-Yvon IBH 

FL-322 Fluorolog 3 spectrometer equipped with a 450 W 

xenon arc lamp as the excitation source, double-grating 

excitation and emission monochromators (2.1 nm mm
-1

 of 

dispersion; 1200 grooves mm
-1

), and a TBX-04 single-photon-

counting device as the detector. Emission and excitation 

spectra were corrected for source intensity (lamp and grating) 

and emission spectral response (detector and grating) by 

standard correction curves. Fluorescence emission 

measurements and quantum yield experiments for IR800-Si 

NPs and NOTA-IR800-Si NPs were done using an LS 55 (230V) 

luminescence spectrometer from PerkinElmer equipped with a 

xenon flash lamp source for excitation. Samples were 

measured in transparent disposable cuvettes of 2 mL with a 

wavelength range of 200-900 nm and the slit width of 10 nm. 

FL UV WinLab
®
 software was used for Data analysis and 

acquisition. Fourier transform infrared (FTIR) spectra were 

recorded on a Shimadzu IRAffinity-1 spectrometer used in 

attenuated total reflectance (ATR) mode. Si NP samples were 

prepared by lyophilisation, with the resulting solids ground 

with an agate mortar and laid on the ATR crystal. Spectra 

cumulated 64 scans at a resolution of 4 cm
−1

.Dialysis was 

performed on with regenerated cellulose membranes with 

ultra-pure cellulose ester Float-A-Lyzer membranes from 

Spectrum Labs, Germany with various molecular weight cut-off 

(MWCO: 1 kDa, 3.5-5 kDa) against water.Size Exclusion 

Chromatography was performed using PD-10 Desalting G25 

column (Sephadex, G25 medium). The eluents used were 

Millipore water or 0.9% NaCl (wt/v) as indicated in the 

experiment section. Thin layer chromatography was conducted 

on reverse stationary phase silica gel using methanol as mobile 

phase systems in a vertical chamber for elution. UV lamp (254 

nm) and Amersham Typhoon 5 Scanner (300-900 nm) were 

used for analysis of fluorescence labelled nanoparticles. 

 

Synthesis of monomodal Si NP-based imaging agents 

Si NPs: This procedure is taken and adapted from a previous 

report by He and coworkers.
28

 20 mL deionised H2O was added 

to a 50 mL 2-neck flask. Argon gas was bubbled through the 

solution with stirring for 30 mins. Citric acid trisodium salt 

(0.83 g, 3.75 mmol) was added and stirring + bubbling of the 

mixture was continued for a further 30 mins. 3-

aminopropyltrimethoxysilane (APTMS, 5 ml, 28.65 μmol) was 

then added with continued stirring + bubbling and shortly 

after, the mixture was transferred to a Teflon pressure sealed 

vessel. Bubbling with argon gas was maintained until the 

vessel was sealed and following this, the vessel was placed into 

a preheated oven at 160°C for 5 hrs. After cooling to room 

temperature, the vessel was opened and the solution inside 

was neutralised with dropwise addition of conc. HCl. Finally, 

the crude product was purified by dialysis (MWCO: 1 kDa) 

against water for 48 hrs (water changed every 2 hrs). Final 

product is a colourless dispersion of Si NPs in water. 

NOTA-Si NPs: NOTA-Si NPs were prepared by dispersing 1 mg 

of amine-terminated Si NPs in deionized water (150 µL) in a 1.5 

mL low protein binding Eppendorf-tube. The pH of the 

dispersion was set between 7−7.5 by 0.01 M NaOH solution. 

NOTA-Bn-SCN (0.1 µmol) was dissolved in water (100 µL) and 
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added to the Si NPs dispersion. The reaction was shaken on a 

thermomixer at 750 rpm for 16 h at 25 
O
C. The NOTA-Si NPs 

were purified by dialyzing against water (MWCO: 1 kDa). A 

defined aliquot of the sample was freeze-dried to obtain the 

concentration of particles. 

IR800-Si NPs: To amine-terminated Si NPs (1 mg) dispersed in 

water (150 µL) at pH 7−7.5 (0.01 M NaOH), NHS-IR 800 (0.05 

µmol) dissolved in water (100 µL) was added. The reaction was 

performed in a 1.5 mL low protein binding Eppendorf-tube in 

dark. The reaction mixture was shaken using a thermomixer at 

750 rpm at 35 
O
C. The green solution starts to turn blue within 

15 min. Upon completion of the reaction, the product was 

purified by dialysis (MWCO: 3.5−5 kDa) against Millipore 

water. The IR800-Si NPs were analysed by fluorescence 

measurements via RP-TLC. The sample was further purified by 

SEC (Sephadex G-25) with 0.9% (wt/v) NaCl as eluent, to obtain 

pure IR800-Si NPs. A known volume of the dispersion was 

lyophilized to determine the concentration of the 

nanoconjugate. 

NOTA-IR800-Si NPs: Si NPs (1 mg) dispersed in water (500 µL) 

were neutralised to pH 7−7.5 (0.01 M NaOH). To this solution, 

20 µL NHS-IR800 (0.05 µmol in 100 µL water) and 20 µL NOTA-

Bn-SCN (0.1 µmol in 100 µL water) were added in 5 cycles over 

a period of 1 h. The reaction was run for 8 h at 35 
O
C. NOTA-

IR800-Si NPs were purified by dialyzing the solution against 

water (MWCO: 3.5−5 kDa) followed by SEC. The concentration 

of the purified NP conjugate was obtained by freeze-drying a 

known volume of the sample. 

 

Determination of dye concentration 

The IR 800 dye concentration for IR800-Si NPs and NOTA-

IR800-Si NPs was determined by UV-Vis titration. A stock 

solution of known concentration of IR 800 dye was prepared in 

Millipore water. 5 samples with increasing concentrations 

were prepared from the stock. Each dye sample was measured 

for absorbance keeping the value between 0.01−0.1 AU. A 

graph was plotted with this data, (absorbance vs 

concentration) which lead to a straight line passing through 

the origin. A sample with known amount of Si NP conjugates 

was measured for its absorbance and plotted on the same 

graph. The Beer-Lambert’s equation was used for the 

determination of the amount of dye present per mg of Si NP 

conjugate. 

 

Relative quantum yield determination 

The photoluminescent quantum yield of the IR800 dye coupled 

to unimodal and bimodal Si NP conjugates was determined 

using free IR800 dye as a reference. The QY of free NHS-IR 800 

dye according to previously published data is 14.2%. The UV-

Vis absorbance of the water dispersed Si NP conjugates and 

free IR800 dye was measured. To minimize the re-absorption 

effects, the absorbance signals were always kept between 

0.01–0.10 AU. The maximum absorbance (~615 nm) was used 

as the excitation wavelength for the fluorescence emission. A 

slit width of 5 mm was kept constant for all the 

measurements. The resulting fluorescence signal was 

integrated, and the quantum yield was calculated. 

Radiolabelling of Si NP conjugates (NOTA-Si NPs/NOTA-

IR800-Si NPs) 

The production of 
64

Cu was performed at a Cyclone®18/9 

(Helmholtz-Zentrum Dresden-Rossendorf). For the 
64

Ni(p,n)
64

Cu nuclear reaction, 15 MeV protons with a beam 

current of 12 µA for 150 min were used. The yields of the 

nuclear reaction 
64

Ni(p,n)
64

Cu were 3.6–5.2 GBq [at the end of 

bombardment (EOB)] with molar activities of 150–250 GBq 

µmol
−1

 Cu diluted in HCl (10 mM).
68

 An aqueous solution of 

[
64

Cu]CuCl2 (10 MBq) was added to ~0.1 mg (1 mg/mL stock 

solution) of NOTA-Si NPs and NOTA-IR800-Si NPs dispersed in 

water. 100 mM MES buffer at pH 6 was used to make the final 

volume up to 400 μL. The reaction mixtures were shaken at 

room temperature for 30 min, which resulted in RCY ~ 80-90%. 

The radiolabelling was monitored using Radio-iTLC. 

Radiochemical analysis of the yields and kinetics of the 

experiments was determined using different stationary phase 

and eluent systems. iTLC plates were purchased from Agilent 

Technologies. The air-dried TLC strips were exposed to a high-

resolution phosphor imaging plate (GE Healthcare). The 

exposed plates were scanned with an Amersham Typhoon 5 

Scanner (GE Healthcare) or read by a radioluminography laser 

scanner BAS-1800II (Raytest). Aida Image Analyzer version 4.0 

software was used for data analysis and conversion of data to 

ASCII before graph-plotting in Origin. 

Radio-SEC was performed using PD-10 Desalting G25 columns 

(Sephadex, G25 medium) to purify the traces of free 

[
64

Cu]CuCl2. The 
64

Cu-complexes were purified using water or 

0.9% NaCl solution as the mobile phase. The radiochemical 

yields for [
64

Cu]Cu-NOTA-Si NPs were determined to be 90-

95% whereas for [
64

Cu]Cu-NOTA-IR800-Si NPs 80-95%. 

 

Radiometric titration to determine the amount of NOTA on Si 

NPs 

Radiometric titrations were conducted using a mixture of 

radioactive 
64

Cu(II) and non-radioactive Cu(II) for the 

determination of the amount of NOTA conjugated to Si NPs. To 

10 μL aliquots of the NOTA-Si NPs and NOTA-IR800-Si NPs (0.2 

mM stock solution in 100 mM MES buffer, pH 5.5), known 

amounts of a mixture of [
64

Cu]CuCl2 and CuSO4 with a final 

concentration of 0.4 mM (stock solution) were added. The 

solutions were stirred for 1 h at room temperature on a 

thermomixer at 750 rpm. After complete complexation 

(confirmed using Radio-iTLC), an 8-fold excess of EDTA was 

added to each solution vial to remove any non-specifically 

bound Cu(II) ions. The resulting solutions were stirred at 37 °C 

for 40 min at 750 rpm. The RCY was determined via Radio-iTLC 

and also on a Radio-SEC (Sephadex G-25). The amount of 

chelator per mg Si NP conjugate was calculated using the 

percentage of Cu(II) ions bound to the conjugate according to 

the equation: 

 

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐ℎ𝑒𝑙𝑎𝑡𝑜𝑟 𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 = 

𝑚𝑜𝑙𝑒𝑠 (𝐼𝐼).[% 
64
𝐶𝑢(𝐼𝐼) (𝑅𝑓< 0.2) / % 

64
𝐶𝑢 (𝑡𝑜𝑡𝑎𝑙)] 

 

The amount of NOTA conjugated to Si NPs was calculated. 
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In vitro assessment of nanotoxicity 

All biocompatibility assays were conducted as per the protocol 

specified in the ISO Norm 10993–5:2009. All cell culture 

reagents were purchased from Biochrom AG and Sigma-

Aldrich unless otherwise stated. The human embryonic kidney 

cell lines HEK293 (DMSZ number ACC 305) were cultured in 

DMEM + 10% fetal calf serum (FCS) and incubated in 

humidified atmosphere of 95% air/ 5% CO2 at 37°C. The cell 

number and the viability of the cells was determined using 

CASY cell counter (Roche Diagnostics) following the 

manufacturer’s protocol. The cell lines were regularly tested 

and were confirmed to be mycoplasma negative using the 

LookOut mycoplasma PCR detection kit (Sigma-Aldrich). For 

the cell viability and LDH assays, the cells were treated with 

penicillin/streptomycin to avoid any bacterial growth during 

the experiments.  

The in vitro assessment was performed using MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) calorimetric assay and the 

CyQUANT® Direct Cell Proliferation Assay. The MTS assay is 

based on the conversion of the tetrazolium salt to a formazan 

dye, presumably by NADPH and NADH produced by 

dehydrogenase enzymes in metabolically-active cells. The 

formation of the dye in the presence of the NP is monitored by 

optical absorbance measurement at 490 nm, and the viability 

is finally compared with the untreated cellular control. In 

addition to that, the membrane integrity was measured by an 

LDH assay which quantifies lactate dehydrogenase (LDH), an 

enzyme that is released upon cell lysis. The CyQUANT assay is a 

fluorescence-based proliferation and cytotoxicity assay and 

therefore can be used to assess cell growth, cell viability, or 

compound toxicity. For the evaluation of cytotoxicity, the non-

cancerous cell line, HEK 293 Human epithelial kidney; was 

seeded in sterile 96-well microtiter plates (Greiner Bio-One) at 

a density of 1.8 X 10
4
 cells per well were seeded in DMEM 

media and allowed to grow for 24 h prior to addition of the 

selected samples. CyQUANT® is a direct fluorescence-based 

proliferation and cytotoxicity assay consisting of a fluorescent 

nucleic acid stain that permeates live cells and concentrates in 

its nucleus. The second component is a suppresser dye that is 

impermeable for live cells and suppresses the green 

fluorescence. 100 μL of CyQuant dye was added to the wells 

after 24 h of incubation. The fluorescence was measured after 

60 min of incubation. After 24 h incubation, increasing 

concentrations of NOTA-Si NP, IR800-Si NP and NOTA-IR800-Si 

NPs conjugates were added to the cells in triplicate. After 

exposure for 72 h, 20 μL of MTS (Promega) was added to the 

wells and incubated for 40 min. Optical densities at 492 nm 

were measured with a microplate reader (TECAN sunrice). The 

viability of cells is expressed as a percentage of viable cells 

grown in the absence of the NPs. 

Additionally, to measure the membrane integration, an LDH 

assay was used in the same cell lines. For this, 2.1 X 10
4
 cells 

per well were seeded in a 96 microtiter plate. After 24 h 

incubation, the stock solutions of the conjugates were added 

and incubated for 72 h. 10 μL of LDH lysis buffer (cytoscan LDH 

from G-biosciences) was added to the cells. Optical density 

was measured at 492 nm. The percentage of LDH release was 

expressed as the percentage of LDH release of cells grown in 

the absence of NPs. The data were analysed by normalizing the 

absorbance from each well containing the samples to the 

absorbance value of the cells without any samples. As a 

positive control, a set of a triplicate of cells were treated with 

the supplied lysis buffer and the percentage of LDH release 

was expressed relative to this control. As a negative control, 

bovine serum albumin in triplicate of cells was used. 

 

Animal experiments 

In vivo small animal PET 

All animal experiments were carried out according to the 

guidelines of the German Regulations for Animal Welfare and 

the protocols approved by the local Ethical Committee for 

Animal Experiments (AZ 24-9168.21-4/2004-1, AZ 24-9168.11-

4/2012-1). Animals received standard food and tap water ad 

libitum and were anesthetized prior to animal experiments 

using 10% desflurane in 30% oxygen/air. Male and female 

NMRI nu/nu mice (RjOrl:NMRI-Foxn1nu/Foxn1nu) were 

received from Janvier Labs (Saint-Berthevin Cedex, France). 

Small animal PET imaging was performed using microPET® P4 

scanner (Siemens Medical Solutions, Knoxville) or 

NanoScanPET/CT (Mediso, Budapest). Animals were positioned 

on a heated bed to maintain body temperature at 37°C. Mice 

received 10-30 MBq (50−100 μg) of Si NP conjugates in 0.5 mL 

and 0.2 mL E-153, respectively, intravenously over 0.5 min into 

a lateral tail vein. The activity of the injection solution was 

measured in a dose calibrator (Isomed 2000, Dresden, 

Germany) cross-calibrated to the PET scanners. Attenuation 

correction of PET data was performed by means of a 10 min 

transmission scan using a rotating point source of 
57

Co 

(microPET®) or by whole body CT (NanoScan®PET/CT). Data 

acquisition and reconstruction were performed as described 

elsewhere. Three-dimensional regions of interest (ROI) were 

determined within masks around different organs by 

thresholding PET data within these masks. ROI time activity 

curves (TAC) were derived from subsequent data analysis. Data 

were calculated as standard uptake value (SUV, SUV = activity 

concentration in tissue [Bq/g] × body weight [g] / injected dose 

[Bq]) at a certain time point p.i. The ROI data and TAC were 

further analysed using R (R is available as Free Software under 

the terms of the Free Software Foundation’s GNU General 

Public License in source code form) and specially developed 

program packages (Jörg van den Hoff, Helmholtz-Zentrum 

Dresden - Rossendorf, Dresden, Germany). The data were 

calculated in standard uptake value (SUV, in units of grams per 

milliliter), defined as the tracer concentration at a certain time 

point normalized to injected dose per unit body weight. The 

SUV was used for better comparison within animals of 

different size and weight and with other species. The graphs 

were calculated with GraphPad Prism version 5.00 for 

Windows (GraphPad Software, San Diego California USA, 

www.graphpad.com). 

 

Biodistribution studies 

http://www.graphpad.com/
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For biodistribution experiments, NMRI nu/nu mice were 

intravenously injected with ~0.5 mL 0.5-10 MBq (10-100 μg) of 
64

Cu-labelled [
64

Cu]Cu-NOTA-Si NPs and [
64

Cu]Cu-NOTA-IR800-

Si NPs. Animals were sacrificed at different time points. Organs 

and tissues of interest were excised, weighed, and 

radioactivity was determined using Wizard™3’’ gamma 

counter. Activity in selected organs and tissues was expressed 

as % injected dose (%ID), %ID/g tissue, or SUV. The obtained 

blood volume amounted to 400-500 μL. Afterwards, urine 

samples (200 - 400 μL) were obtained by puncture of bladder. 

 

Optical imaging  

For optical imaging experiments, anesthetized healthy NMRI 

nu/nu mice were intravenously injected with 20 μl IR800-Si 

NPs and NOTA-IR800-Si NPs (~80 μg each) respectively. 

Fluorescence was measured using the small animal In-vivo-

Imaging System FX Pro (Carestream Health, USA) in 

fluorescence mode (Ex 600 nm, Em 753 nm; reference image 

for autofluorescence: Ex 430 nm, Em 535 nm). Fluorescence 

pictures were merged with the X-ray acquisitions. Afterwards, 

animals were sacrificed, organs and tissues of interest were 

excised, and fluorescence was measured again. 
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